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Root growth and the architecture of the root system in Arabidopsis are largely determined
by root meristematic activity. Legume roots show strong developmental plasticity in
response to both abiotic and biotic stimuli, including symbiotic rhizobia. However, a
global analysis of gene regulation in the root meristem of soybean plants is lacking. In this
study, we performed a global analysis of the small RNA transcriptome of root tips from
soybean seedlings grown under normal and salt stress conditions. In total, 71 miRNA
candidates, including known and novel variants of 59 miRNA families, were identified.
We found 66 salt-responsive miRNAs in the soybean root meristem; among them, 22 are
novel miRNAs. Interestingly, we found auxin-responsive cis-elements in the promoters of
many salt-responsive miRNAs, implying that these miRNAs may be regulated by auxin
and auxin signaling plays a key role in regulating the plasticity of the miRNAome and root
development in soybean. A functional analysis of miR399, a salt-responsive miRNA in
the root meristem, indicates the crucial role of this miRNA in modulating soybean root
developmental plasticity. Our data provide novel insight into the miRNAome-mediated
regulatory mechanism in soybean root growth under salt stress.
Keywords: Glycine max, root meristem, microRNA (miRNA), salt stress, auxin
INTRODUCTION
The root is an important organ that not only supports the aerial parts of plants, but also absorbs
water and nutrients for plant growth and survival. The growth rate and architecture of roots
are dynamically regulated by internal and external cues, and they are largely determined by the
activity of the root apical meristem (RAM) (De Tullio et al., 2010; Ubeda-Tomas and Bennett,
2010; Petricka et al., 2012). The RAM is localized at the root tip and harbors a stem cell niche that
serves as the source of new cells for continuous apical root growth involving iterative processes
of cell division, elongation, and differentiation (Dinneny and Benfey, 2008; Perilli et al., 2012).
Maintenance of the optimal size and activity of the RAM is crucial for proper apical root growth
and root system architecture.
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The fate of root meristem cells is determined by both
developmental and environmental cues in Arabidopsis plants.
Among the developmental signals, auxin is a central regulator
that balances the rate of cell division and differentiation through
interplay with other plant growth regulators, especially cytokinin
(Kerk et al., 2000; Aloni et al., 2006; Zhang et al., 2013). In
recent decades, an auxin-mediated regulatory pathway has been
identified; in this pathway, auxin regulates the establishment
of the stem cell niche and activity of the RAM through
PLETHORA1/2, an AP2/EREBP family transcription factor
(Ding and Friml, 2010). Notably, cell fate and the subsequent
activity of the RAM are also controlled by extrinsic signals,
including abiotic stresses (West et al., 2004; Ji et al., 2014). Under
conditions of salt stress, the root is the first plant organ to
encounter the stress and sense the salt signal (Liu et al., 2015). It is
well known that root growth is greatly inhibited by salt in various
plant species and that root growth inhibition is mainly due to
reduced activity of the RAM (Burgos et al., 2004; Fernández-
Marcos et al., 2011; Liu et al., 2013). Recently, it was shown that
the salt-induced reduction in RAM activity is mediated by auxin
and auxin signaling inArabidopsis (Liu et al., 2015). However, the
molecular mechanism through which RAM activity is modulated
in response to salt stress remains largely unknown.
microRNAs (miRNAs) are small non-coding RNAs that
modulate various biological processes at the post-transcriptional
level bymediatingmRNA degradation or translational repression
(Bartel, 2004). Recent global analyses of miRNA expression
profiles have demonstrated that miRNAs play a key role in
modulating plant root plastic development in response to biotic
and abiotic stimuli (Ding et al., 2009; Lelandais-Briere et al., 2009;
Lu et al., 2014). Many miRNAs, including miR156, miR172, and
miR390, which are responsive to salt stress, have been identified
in various plants (Khraiwesh et al., 2012; Sunkar et al., 2012;
Cui et al., 2014; Xie et al., 2014; Li et al., 2016). Recent studies
have revealed that miRNAs not only regulate RAM activity under
normal conditions, but also mediate the RAM response to salt
stress in Arabidopsis andMedicago truncatula (Bazin et al., 2013;
Bustos-Sanmamed et al., 2013; Singh et al., 2014). These results
highlight the central role of miRNAs and the miRNA-mediated
regulatory network in the programming of RAM activity and
root developmental plasticity in response to salt stress. Owing
to the pivotal importance of miRNAs in RAM activity and root
plastic development in response to salt stress, elucidation of the
miRNA-mediated regulatory network is of great importance.
Soybean is a major economic crop worldwide; however, the
yield is greatly affected by soil salinity (Yasuta and Kokubun,
2014). Previous studies have shown that soybean copes with salt
stress using physiological mechanisms that are similar to those
in Arabidopsis, including the maintenance of ion homeostasis,
adjustment of cellular responses to osmotic stress, and metabolic
responses (Im et al., 2012; Guan et al., 2014; Rao et al., 2014).
Soybean is a legume that possesses the ability to form root
nodules that can fix N2 from the atmosphere through a symbiotic
interaction with rhizobia (Ferguson et al., 2010). Therefore,
studies of root growth and development in response to salt stress
are of the utmost significance in soybean genetics. Despite great
effort to identify the relevant genes and/or proteins using various
approaches (Aghaei et al., 2009; Ge et al., 2010; Sobhanian et al.,
2010), only a few genes, including that encoding respiratory
alternative oxidase and GmSALT3, have been shown to mediate
root responses to salt and salt tolerance in soybean (Guan et al.,
2014). Knowledge of the gene regulatory network underlying
the response of the RAM in soybean to salt, especially the
environmental plasticity of the miRNAome, is lacking.
Here, we present the results of a global analysis of deep
sequencing data from two miRNA libraries prepared from
soybean root apexes treated with or without salt stress. Genome-
wide identification of the miRNAs revealed that they are
involved in RAM regulation and that the RAM miRNAome
with salt stress shows remarkable plasticity compared to RAM
miRNAomewithout salt stress. In addition to conservedmiRNAs
associated with the root response to salt stress in plants, we
also found several miRNAs that may specifically mediate RAM
reprogramming in soybean. Furthermore, our results reveal an
important role for the auxin-miRNA regulatory network in the
RAM response to salt stress. We also identified a novel role for
miR399 in root developmental plasticity under salt stress. Our
results highlight the vital role of the miRNA-mediated regulatory
network in RAM reprogramming and root adaptations to
saline soil.
MATERIALS AND METHODS
Plant Materials and Treatment Methods
Seeds (Glycine max [L.] Merrill cv. Williams 82) were surface-
sterilized with 75% ethanol for 1min, followed by chlorine for
8 h. The sterilized seeds were germinated in plastic pots filled
with 400ml of solid B5 medium containing 0 or 75mM NaCl.
Seedlings were grown in a greenhouse under 16 h of light at
28◦C for 5 days. Root tips (0.5 cm) were collected from the
plants for high-throughput sequencing, histological sectioning,
and indoleacetic acid (IAA) measurement. For 2,4-D treatment,
five-day-old seedlings were transferred to liquid B5 medium
supplemented with or without 1µM2,4-D. After 3 days, root tips
were collected.
Measurement of IAA
To determine the IAA content, root tips (0.5 cm) were
collected from the medium containing 0 or 75mM NaCl.
IAA was extracted and measured as described by Fu et al.
(2012) with modifications. After extraction and purification, the
samples were analyzed by liquid chromatography-tandem mass
spectrometry using a system that included an Acquity Ultra
Performance Liquid Chromatograph (Waters Corp., Milford,
MA) and a triple quadrupole tandemmass spectrometer (Quattro
Premier XE; Waters Corp.).
Longitudinal Sectioning of the Roots
To prepare longitudinal sections of the roots, root tips were
collected from the medium with or without 75mM NaCl and
then fixed in formalin/acetic acid/alcohol. The root segments
were dehydrated at room temperature in a gradient series
of ethanol solutions, followed by two changes of Clear-Rite
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3 (Sigma-Aldrich Corp., St. Louis, MO) for 1 h each, and
finally embedded in Paraplast (Leica Biosystems Nussloch Gmbh,
Nußloch, Germany) at 62◦C. Sectioning was performed using
a microtome. Sections were cut every 20µm and then stained
with 0.1% (w/v) Eosin Y. The sections were observed under an
Olympus CX31 biological microscope (Tokyo, Japan).
Small RNA library Construction and
High-Throughput Sequencing
For small RNA library construction, root tips (0.5 cm) were
harvested from B5 medium supplemented with (SR) or without
(CR) 75mM NaCl, and immediately frozen in liquid N2. The
samples collected from the two libraries were sent to Biomarker
Technologies Co. (Beijing) for analysis. Small RNAs were isolated
from stressed (SR) and non-stressed (CR) root tips using a
TruSeq Small RNA Sample Prep Kit (Illumina Inc., San Diego,
CA) to construct the libraries. The sequence data were analyzed
using miRDeep2 by Biomarker Technologies Co. according to
the manufacturer’s protocols. The read abundances of miRNAs
in the two libraries were normalized to the reads per kilobase
of exon model per million mapped reads value (normalized
expression = actual miRNA count/total count of clean reads
× normalized one order of magnitude). The P-value threshold
was determined by the false discovery rate (FDR) to account
for multiple tests of significance. To determine the functional
annotation of the genes targeted by the differentially expressed
miRNAs, a BLAST alignment was performed by searching the
NR, SwissProt, GO, COG, and KEGG protein databases. This
experiment consisted of three independent biological replicates.
Real-Time Quantitative Polymerase Chain
Reaction (qRT-PCR) Analysis
Total RNA was extracted from root tips using Trizol reagent
(Tiangen Biotech [Beijing] Co., Ltd., Beijing, China), and
then treated with DNase I to remove contaminating genomic
DNA. Stem-loop-specific reverse transcription for miRNAs was
performed as described previously (Chen et al., 2005; Kulcheski
et al., 2010). First-strand cDNA was synthesized from the total
RNA using a FastQuant RT Kit (TransGen Biotech Inc., Beijing,
China). qRT-PCR assays were performed using SuperReal
PreMix Plus (SYBR Green; Tiangen Biotech [Beijing] Co., Ltd.).
Soybean miR1515a was used as a reference miRNA to normalize
the samples as described (Turner et al., 2013). The primers used
for cDNA synthesis and qRT-PCR are listed in Table S5 online.
Vector Construction and Soybean Hairy
Root Transformation
For the gma-miR399a overexpression construct, the pre-miRNA
fragment (94 base pairs [bp]) of gma-miR399a was amplified and
inserted into the Gateway R© binary vector pGWB2. The primers
used for plasmid construction are listed in Table S5 Soybean
transformation to generate hairy root composite plants was done
according to a previously described method with modifications
(Kereszt et al., 2007; Jian et al., 2009). After co-cultivation with
Agrobacteriom rhizogenes K599 containing constructed vector,
the explants were transferred to MS/2 medium supplemented
with or without 75mM NaCl. Ten days after transplantation, the
expression of miR399a was analyzed in hairy roots harboring
the 35::miR399a construct using qRT-PCR. The primary root
length and number of lateral roots per positive hairy root were
estimated.
Bioinformatics Analysis
To analyze the cis-elements of the miRNAs, 2000 bp of sequence
located upstream of each salt stress-responsive miRNA was
chosen as a putative promoter sequence for analysis using PLACE
(http://www.dna.affrc.go.jp/PLACE).
Statistical Analysis
All data were analyzed using SigmaPlot 10.0 (Systat Software,
Inc., Chicago, IL) and GraphPad Prism 5 (GraphPad Software,
Inc., La Jolla, CA) software. Student’s t-test was performed using
GraphPad Prism 5.
RESULTS
Salt Stress Suppresses the Activity of the
RAM and Increases IAA in the RAM
To investigate the responses of roots to salt stress, we performed
a systematic study of soybean root development. As shown in
Figure 1A, the roots of young soybean seedlings were sensitive
to salt stress. When treated with 75mM NaCl, both primary
root growth and lateral root development were significantly
inhibited. When the NaCl concentration was increased to
100mM, the length of the primary root in the seedlings was
reduced by about 70% (Figures 1A,B), and the number of lateral
roots was significantly decreased compared with the control
(Figures 1A,C). When the concentration of NaCl was increased
to 150mM, primary and lateral roots were almost completely and
completely inhibited, respectively (Figures 1A–C). These results
indicate that a NaCl concentration of 100mM or greater imposed
severe stress on the soybean seedlings. Therefore, 75mM NaCl
was used in all subsequent studies of root plastic development.
It is well known that the activity of the RAM determines
root growth (Grunewald et al., 2012; Perilli et al., 2012; Petricka
et al., 2012; D’alessandro et al., 2015). To investigate whether the
growth inhibition of soybean roots by salt is due to a reduction in
root meristem activity, we measured the length of the meristem
zone in longitudinally cut root tips from seedlings grown in
0 or 75mM NaCl. The length of the meristem in the control
roots was approximately 0.5 cm, whereas the meristems of the
stressed roots were significantly shorter (Figure S1). These data
suggest that the salt stress-induced growth retardation of roots
and developmental plasticity of the root system aremainly caused
by the suppression of RAM activity.
IAA plays a key role in the maintenance of root meristem
activity (Jiang and Feldman, 2002; Marchant et al., 2002;
Lavenus et al., 2013). To elucidate the physiological mechanism
underlying salt-induced growth retardation, we measured the
IAA content in the RAM of non-stressed and stressed soybean
seedlings. As shown in Figure 1D, upon salt stress, the content of
IAA in the RAM region was significantly increased. These results
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FIGURE 1 | The development of soybean root was affected under salt stress. Five-day-old seedlings germinated on B5 medium containing different
concentrations of NaCl were taken photos (A). Bar = 1 cm. The length of primary root (B) and the number of lateral root (C) were counted. (D) IAA content was
measured using LC/MS-MS method. Error bars indicate the standard deviation. Statistically significant differences (Student’s t-test) are indicated as follows: “***”
(P < 0.001).
indicate that the reduced activity of the RAM and root growth in
response to salt stress are related to the increased IAA content in
the RAM of stressed seedlings.
High-Throughput Sequencing and
Annotation of miRNAs in Root Apexs under
Salt Stress
To explore the molecular mechanism through which soybean
RAM activity is modulated in response to salt stress, we
performed a genome-wide analysis of the miRNAs in the
soybean RAM under normal and salt stress conditions.
Two libraries constructed from the total RNA of roots
treated with and without 75mM NaCl were subjected to
Illumina Solexa deep sequencing. Approximately 19,895,358 and
20,028,331 total reads were generated from the control and
salt-stressed RAM libraries, respectively (Table 1). Among the
reads, those with sequences containing fewer than 18 nucleotides
(nt) (1,371,822 and 1,834,851 for the control and stressed
RAM libraries, respectively) or more than 30 nt (2,967,654
and 3,539,771 for the control and stressed RAM libraries,
respectively) were not considered. Adaptor sequences, low-
quality tags, and contaminants were also removed, resulting
in 15,553,439 and 14,653,373 total clean reads for the
TABLE 1 | Statistic of sRNA in CR and SR sequencing libraries.
Type CR SR
Count Percentage Count Percentage
Total reads 19,895,358 20,028,331
Low quality 0 0 0 0
“N” reads 2443 0.012% 336 0.002%
Length <18 1,371,822 6.895% 1,834,851 9.161%
Length >30 2,967,654 14.916% 3,539,771 17.674%
Clean reads 15,553,439 78.176% 14,653,373 73.163%
control and stressed RAM libraries, respectively. These clean
reads were perfectly matched to the soybean genome and
accounted for approximately 78.176 and 73.163% of the total
reads in the control and stressed RAM libraries, respectively
(Table 1).
By alignment with the GenBank and Rfam databases, the
clean small RNAs were classified into five different categories
(Figure 2A). Based on the numbers of unique reads, the ranking
of the RNA types, in descending order, was: rRNAs, tRNAs,
snoRNAs, and snRNAs. This pattern was observed in both
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FIGURE 2 | Characteristics of small RNAs in CR and SR libraries
through Solexa sequencing in CR. (A) Distribution of small RNA reads
among different RNA categories in CR and SR libraries. Genome group
contained extron, intron, and miRNA. (B) Size distribution of small RNAs in CR
and SR libraries.
libraries, although the exact numbers in each category were
different. In comparing the miRNAs between the two libraries,
we found that the size distribution of the miRNAs in the stressed
RAM library was comparable to that in the control RAM library.
More than 70% of the genome-mapped miRNAs were between
18 and 30 nt in length; however, the majority of the miRNAs
in both libraries were 21–22 nt in length (Figure 2B). Notably,
the total number of miRNAs produced from the stressed RAM
library was 4.27% less than that produced from the control library
(Figure 2A). In accordance with this, the miRNAs that showed
the greatest reduction due to salt stress were 21 nt in length,
suggesting a role for these miRNAs in the RAM response to salt
stress in soybean.
Identification and Validation of Known
Salt-Responsive miRNAs
Next, we attempted to identify salt stress-responsive miRNAs.
First, we aligned the clean reads with a plant miRNA database
using miRDeep2 to pick up known miRNAs. Overall, 46 known
miRNAs were found and 41 known miRNAs were shared
between the libraries (Table S1). Amongst them, abundance
of gma-miR396b-5p, gma-miR319l, and gma-miR1511 wasvery
high in the two libraries, suggesting an essential role for these
miRNAs in the RAM of soybean. Salt-responsive miRNAs were
then identified based on two criteria: a log2 fold change (log2FC)
>0.1 or < −0.1 and an FDR <0.01. Ultimately, 36 known
miRNAs belonging to different conserved families that were
responsive to salt stress in three biological replicates were
identified (Figure 3; Table S1). Among them, 14 known miRNAs
were up-regulated by salt stress, while 22 miRNAs were down-
regulated by salt stress; in addition, 4 and 1 known miRNAs were
FIGURE 3 | Fold change of known miRNAs expression analysis in CR
and SR libraries. Logarithmic fold change of known miRNAs expression in
response to salt stress according the sequencing results from CR and SR
libraries.
specifically expressed in roots treated without or with salt stress,
respectively (Table S1). When the selection criteria became more
stringent (log2FC >0.5 or < −0.5), nine salt stress-responsive
miRNAs in the RAM region were obtained. Among them, the
most significantly up-regulated miRNAs were miR172f, followed
by miR390e. In contrast, miR399a/b was the most repressed
miRNA under salt stress, followed by miR1512b, miR156g, and
miR156j (Figure 3).
To validate the expression of these putative salt-responsive
miRNAs in the RAM of soybean, we performed qRT-PCR
using the samples prepared for Solexa sequencing. As shown in
Figure 4, the selected salt-responsive miRNAs showed similar
expression trends to those detected by Solexa sequencing. For
example, high-level induction of miR390e and miR172f/g in the
stressed RAM was reliably observed. By contrast, miR399a/b,
miR1512b, and miR156g were stably and dramatically down-
regulated in the RAM of salt stress-treated seedlings (Figure 4).
Our results indicate that these known salt-responsive miRNAs
may modulate RAM activity and subsequent plastic development
of soybean roots in response to salt stress.
Identification and Validation of the Novel
miRNAs in Response to Salt Stress
To identify the novel miRNAs, they were searched against a
transcriptome database. Based on published criteria for miRNA
annotation (Meyers et al., 2008), the potential miRNA precursors
were searched in the soybean genome and their hairpin structures
were predicted usingmiRDeep2. The lengths of the novel miRNA
precursors ranged from 109 to 114 nt. Based on the criteria, 25
novel mature miRNAs belonging to 22 miRNA families were
identified (Table S2); among these, 5 mature novel miRNAs
began with a 5′ uridine. The miRNA∗ abundance is usually
low, and some of them cannot be detected by small RNA
deep sequencing. Fortunately, we obtained both miRNA and
miRNA∗ sequences from our two libraries, although the miRNA∗
sequences were less abundant compared with the miRNA
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FIGURE 4 | qRT-PCR analysis of known miRNAs in response to salt
stress. Quantitative reverse transcription PCR (RT-qPCR) was used to validate
the expression pattern of known miRNAs showing highly response to salt
stress (Log2FC > 0.5). Gma-miR1515a was used as an internal control. The
results shown are the averages ± SD of three biological replicates. Error bars
indicate the standard deviation. Student’s t-tests were performed; statistically
significant results are marked with “*” (P < 0.05) and “***” (P < 0.001).
sequences (Table S2). These results validate the occurrence of the
novel miRNAs in soybean.
Among the novel miRNAs identified from the two libraries,
two miRNAs were significantly up-regulated (log2FC > 0.5) and
four miRNAs were dramatically down-regulated (log2FC < -0.5)
under salt stress (Figure 5). Predicted hairpin structure of the
six novel miRNA families precursors were shown in Figure S2.
An analysis by qRT-PCR revealed that the expression of Gly03
and Gly16a/b was repressed by salt stress in the RAM of soybean
plants treated with salt stress, while Gly20 was greatly up-
regulated (Figure 6). This result is consistent with our sequence
data with the exception of Gly04, whose expression was decreased
under salt stress according to the sequence data but was slightly
induced according to the qRT-PCR experiments (Figure 6).
Many Salt Stress-Responsive miRNAs are
Responsive to Auxin
Due to the significant increase in auxin content in the
stressed RAMs, we speculated that these salt stress-responsive
miRNAs are also regulated by auxin. To test this possibility,
we first analyzed the cis regulatory elements in the 2-
kb promoter regions of 17 salt stress-responsive miRNAs.
As shown in Table S3, the ARFAT cis-element, which is
important for the auxin response, was present in the promoters
of 13 miRNAs. Another two auxin-responsive cis-elements
(NTBBF1ARROLB and CATATGGMSAUR) were found in the
promoters of 16 miRNAs (Table S3). However, the cis-element
CACGCAATGMGH3 was found only in the promoter of
gma-miR172f (Table S3). Notably, the majority of these salt-
responsive genes contained more than two auxin-responsive
elements, suggesting that these miRNAs are regulated by auxin.
To verify our computational prediction, we analyzed the
expression of the selected miRNAs in RAMs treated with
exogenous auxin. As shown in Figure 7, the majority of
FIGURE 5 | Novel miRNAs expression level from Solexa sequencing.
Logarithmic fold change of novel miRNAs in response to salt stress in the
sequencing results from CR and SR libraries.
the miRNAs were auxin-responsive. The expression of gma-
miR399a/b, gma-miR156g/j, gma-miR2111b/c/f, gma-miR1511,
Gly03, Gly16a/b Gly20 appeared to be significantly repressed
by exogenous auxin, whereas that of gma-miR390e, Gly04, and
Gly13 was induced by exogenous auxin (Figure 7). Intriguingly,
the expression patterns of these miRNAs in response to auxin
and salt stress were similar. However, some of the miRNAs
showed different responses to exogenous auxin and salt stress.
For example, gma-miR1512b and were repressed by salt stress,
but they were unaffected by exogenous auxin (Figure 7). Gly20
was repressed by auxin but induced by salt stress. Taken together,
our data suggest that these miRNAs act downstream of the auxin
signaling pathway to modulate RAM activity in soybean under
conditions of salt stress.
Target Prediction for the Differentially
Expressed miRNAs
To further elucidate the possible mechanistic pathways or
biological processes mediated by these miRNAs, we performed
a bioinformatic analysis using TargetFinder to predict candidate
targets for the known and novel miRNAs. According to the
criteria described in the Section Materials and Methods, 80
putative target genes were predicted for the 13 differentially
expressed known and novel miRNA families in the soybean
RAM (Table S4). Most of the known and newly identified
salt-responsive miRNAs were predicted to target classical
transcription factors such as Squamosa promoter-binding-
like protein for gma-miR156 and APETALA2, respectively
(Table S4). In addition, the predicted targets included the
genes encoding a leucine-rich repeat (LRR) receptor-like protein
kinase, E3 ubiquitin ligase, F-box/kelch-repeat protein, the
mitochondrial carrier protein PET8, and protein phosphatase
2C, suggesting that the miRNA-mediated regulation of the RAM
under salt stress occurs at multiple levels in different locations.
Notably, we found that several known soybean miRNAs
may target a greater number of genes than their homologs in
Arabidopsis. In Arabidopsis, miR399 directly targets the protein
PHO2 (UBC), which is an ubiquitin E2-conjugating enzyme
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FIGURE 6 | Expression validation of salt stress responsive novel
miRNAs using RT-qPCR. Quantitative reverse transcription PCR (RT-qPCR)
was used to analyze the expression pattern of novel miRNAs appeared to be
highly response to salt stress (Log2FC > 0.5). Gma-miR1515a was used as an
internal control. The results shown are the averages ± SD of three biological
replicates. Error bars indicate the standard deviation. Student’s t-tests were
performed; statistically significant results are marked with “*” (P < 0.05), “**”
(P < 0.01).
(Bari et al., 2006). However, in addition to Glyma.13G239100
(PHO2) and Glyma.10G036800 (GmPT5), which have been
validated as the targets of gma-miR399 (Xu et al., 2013),
Glyma.14G188000 and Glyma.15G074200 annotated as
Inorganic phosphate transporter and Ubiquitin-conjugatine
enzyme E2 respectively, were also predicted to be the
target genes of gma-miR399. In soybean, Glyma.08G359400
and Glyma18G177400 encoding multicopper oxidases and
Glyma03G021900 encoding a growth-regulating factor were also
predicted to be putative targets of gma-miR399a/b (Table S4).
We have detected the expression of these predicted target genes
of gma-miR399a/b, as shown in Figure S3, Glyma.03G021900,
Glyma.08G359400, Glyma.14G188000, and Glyma.15G074200
were significantly induced by salt stress. Another knownmiRNA,
gma-miR390e, was also predicted to target two additional
genes (Glyma.02G281100 and Glyma.14G033500 encoding LRR
receptor-like kinases in addition to TAS3 (Glyma.15G137400)
in soybean. Furthermore, we found that several novel miRNAs
target genes that are involved in various biological processes. For
example, Gly13 was predicted to target seven genes, including
those encoding cysteine synthase A, ubiquitin-like protease
protein 2, and a class I glutamine amidotransferase. Our results
suggest that these soybean miRNAs modulate RAM activity by
coordinating complicated regulatory networks.
Gma-miR399a Modulates Plastic Root
Development in Soybean under Salt Stress
It has been shown that miR399 family miRNAs mediate
phosphate uptake in various plant species (Bari et al., 2006;
Wang et al., 2009; Hackenberg et al., 2013). The fact that
miR399a/b was highly responsive to salt stress prompted us to
investigate whether miR399 also mediates root developmental
plasticity in response to salt stress in soybean. To this end, we
FIGURE 7 | The expression of salt stress responsive miRNAs was
affected by exogenous auxin. Five-day-old seedlings were transferred to
liquid B5 medium supplemented with or without 1µM 2,4-D. After 3 days, root
tips were collected and used for RT-qPCR analysis. Gma-miR1515a was used
as an internal control. The results shown are the averages ± SD of three
biological replicates. Error bars indicate the standard deviation. Student’s
t-tests were performed; statistically significant results are marked with *
(P < 0.05); ** (P < 0.01); *** (P < 0.001).
generated transgenic roots overexpressing gma-miR399a under
the control of the CaMV35S promoter using a hairy root
transformation system. A phenotypic analysis revealed that the
transgenic roots overexpressing 35S::miR399a, including primary
and lateral roots, were comparable to those from plants carrying
the empty vector control when grown under normal conditions
(Figures 8C,E); in contrast, the roots from plants overexpressing
35S::miR399a exhibited increased sensitivity to salt stress when
treated with 75mMNaCl (Figures 8D,F). Primary root growth in
the 35S::miR399a-overexpressing roots was reduced by 40%, and
the lateral root number per hairy root was decreased by up to 70%
under salt stress conditions (Figures 8A,B). These results suggest
a crucial role for gma-miR399 in root developmental plasticity in
soybean in response to salt stress.
DISCUSSION
Plant roots grow post-embryonically, and root growth and the
root system architecture in plants are prominently controlled
by environmental cues. Therefore, one of the mysteries in plant
biology is the regulation of root development with a focus on
RAM maintenance and remodeling of the RAM in response
to various stresses. Using Arabidopsis as a model plant, several
regulators of RAM activity, including PLT1/2, SHR, and SCR,
have been identified (Helariutta et al., 2000; Aida et al., 2004).
However, the complete regulatory network in the RAM is
unclear. Amore important question is how plant RAMs integrate
developmental and environmental signals to reprogram RAM
cell fate decisions in crop plants. In the current study, we
demonstrated high plasticity of the miRNAome in the RAM
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FIGURE 8 | Effects of overexpression gma-miR399a on root system architecture under salt stress. (A,B) qRT-PCR analysis of miR399a relative expression
in transgenic root expressing empty vector (pGWB2) and 35S::miR399a under 0 and 75mM NaCl treatment, respectively. (C,D) The phenotype of whole composite
plants having empty vector or 35S::miR399a in the rooting medium containing 0 or 75mM NaCl. Pictures were taken at 12 days after transplantation. (E,F) The
representative roots of empty vector or 35S::miR399a were taken photos. Scale bar, 1 cm. The primary root length (G) and the lateral root number per hairy root (H)
expressing empty vector or 35S::miR399a were counted. The results given are averages ± SD of 3 biological replicates. Error bars indicate the standard deviation.
Student’s t-tests were performed; statistically significant results are marked with “**” (P < 0.01); and “***” (P < 0.001), “NS” means no significant difference.
of soybean plants in response to salt stress, and we revealed a
complex regulatory network mediated by miRNAs that enables
the soybean RAM to cope with salt stress.
There have been a couple of previous attempts to explore
the regulatory networks that modulate root responses to salt
stress, including a microarray analysis of different cell layers
in Arabidopsis and a global analysis of the miRNAs in M.
truncatula root tips under salt stress (Dinneny et al., 2008;
Formey et al., 2014). The results of these studies suggested
that the transcriptome and miRNAome of plant root tips are
sensitive to salt stress, and that the plasticity of the transcriptome
and miRNAome shows cell/tissue specificity, as well as species
specificity. Here, we present important evidence to support
the above hypothesis. We found that the soybean RAM and
root system architecture exhibit great plasticity in response
to moderate salt stress, and that morphological remodeling
of the RAM is correlated with global reprogramming of the
miRNAome.We confirmed that 19miRNAs, including 11 known
and 6 novel miRNAs, are responsive to salt stress in the soybean
RAM. Among the known miRNAs, most (gma-miR399a/b,
gma-miR156g, gma-miR156j, gma-miR2111b/c/f, gma-miR1511,
gma-miR390e, and gma-miR172f) have been shown to be
involved in root responses to salt stress in plants, except for
gma-miR1512b, which is legume-specific (Li et al., 2010). These
data demonstrate the important role of the miRNA-mediated
regulatory network in the response of the soybean RAM to salt
stress.
Plants constantly encounter various adverse soil stresses,
and they have evolved dedicated regulatory networks that are
responsible for adaptations at the cell, tissue, organ, and species
levels. Our current results indicate that a given miRNA family
or members of a family may be involved in diverse biological
processes in different plant species. For example, miR2111 is a
well-known miRNA that mediates plant responses to phosphate
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deprivation in Arabidopsis (Hsieh et al., 2009; Kuo and Chiou,
2011). However, our data show that this miRNA is responsive
to salt stress in the soybean RAM (Figures 3, 4). Furthermore,
we found that the same miRNA family may behave differently
in mediating plant responses to salt stress. For example, mtr-
miR390 was repressed by salt stress in Medicago root tips
(Lelandais-Briere et al., 2009), however, glyma-miR390 was
induced by salt stress in the soybean RAM (Figures 3, 4). In
the case of miR399, these miRNAs may be involved in the
general regulation of plant responses to environmental stresses,
including phosphate starvation and salt stress. However, miR399
also shows a variable expression pattern in response to salt stress
in different plants; it was shown to be induced by salt stress
in Populus tremula (Jia et al., 2009), but repressed by salt in
both Medicago and soybean. A functional analysis of glyma-
miR399a further confirmed that miR399 is required for RAM
and root development under salt stress conditions (Figure 8).
These results demonstrate that the function of miR399 in the
response to salt stress is conserved in legumes, and that functional
divergence of these miRNAs may occur in different plant
species. Although, legumes share a more conserved regulatory
mechanism for coping with salt stress, our study identified
miR1512 as another miRNA that specifically regulates the
soybean RAM response to salt stress. Previous data have shown
that miR1512 is a legume-specific miRNA, but no reports have
shown that miR1512 is involved in the salt response of legumes,
including Medicago root tips. We found that gma-miR1512b
was significantly down-regulated upon salt stress treatment in
the root tip of soybean, suggesting that gma-miR1512 plays
an important and specific role in plastic root development in
soybean under conditions of salt stress. Additional studies of
gma-miR1512 will further our understanding of how the soybean
RAM responds to salt stress.
One efficient way to elucidate miRNA-mediated biological
processes and plant stress responses is to find their target genes.
Based on computational predictions, we identified putative target
genes for all salt-responsive miRNAs in the soybean RAM.
As expected, some salt-responsive miRNAs identified in this
study, including gma-miR156 and gma-miR172, target the same
family of genes encoding various proteins (e.g., AP2 transcription
factors; Table S4). Unexpectedly, we found that some miRNAs
may target more diverse gene families in soybean. For example,
miR390 directly targets the non-coding TAS3 precursor RNA
to trigger the biogenesis of tasiRNAs-ARF, which cleave the
transcripts of ARF2, ARF3, and ARF4, thereby regulating lateral
root development (Chen and Xiong, 2010; Marin et al., 2010).
In soybean, we found that miR390 has additional putative
target genes with diverse functions, except the Arabidopsis
TAS homolog. One target gene encodes a protein with strong
similarity to AtBAM3, a receptor kinase-like protein that
regulates shoot and floral meristem development (Depuydt et al.,
2013). Taking into account the role of AtBAM3 in meristems,
it is likely that gma-miR390 modulates RAM activity and
root developmental plasticity through an AtBAM3 homolog in
soybean. Gma-miR399 also has additional putative target genes
with different biochemical features beyond the well-known target
gene PHO2, which is involved in plant responses to phosphate
starvation. Based on our results, GmPHO2 has no significantly
change in response to salt stress but another homologous gene
Glyma.15G074200 was obviously induced under salt stress. In
Arabidopsis, the homologous gene of Glyma.03G021900 function
as GROWTH-REGULATING FACTOR 9, regulates the plant
growth and development process (Horiguchi et al., 2005).
Glyma.08G359400was annotated as a multicopper oxidase which
might play roles in plants development to response abiotic stress
and phosphate sensing in the root tip (Svistoonoff et al., 2007;
Desnos, 2008).We found both of these genes were induced by salt
stress in the root tip of soybean (Figure S3). These data suggest
that gma-miR399a/b may participate in the plastic development
of RAMunder salt stress through target one or more genes. These
findings suggest that miRNAs modulate plant growth and stress
responses via a complicated network in soybean that includes the
negative regulation of functionally diverse target genes.
Despite the great importance of miRNA-mediated regulatory
networks in plant growth and adaptation, the upstream
regulators of these key miRNAs remain largely unknown. In
the present study, we found that salt stress induced auxin
accumulation in the soybean RAM (Figure 1D). Intriguingly,
we produced two pieces of evidence showing that auxin and
the auxin signaling pathway act upstream of these miRNAs in
response to salt stress. First, most of the salt-responsive miRNAs
contain at least one auxin-responsive cis-element (Table S3).
Second, we experimentally confirmed that these miRNAs are
indeed responsive to exogenous auxin, and that the expression
patterns of the miRNAs were similar to those under salt stress
(Figure 7). It is well known that auxin plays an essential role in
the regulation of the RAM and root plastic development (Aloni
et al., 2006). To date, the auxin-PLT pathway is the only well-
characterized pathway for RAM regulation in Arabidopsis (Aloni
et al., 2006). To date, the auxin-PLT pathway is the only well-
characterized pathway for RAM regulation in Arabidopsis (Aida
et al., 2004). Except for a few miRNAs (miR160, miR167, and
miR393) that directly target components of the auxin signaling
pathway or auxin-responsive genes, our data establish a new link
between auxin signaling and a broad spectrum of biochemical
and cellular processes via various miRNAs.
The maintenance of RAM activity is essential for
indeterminate root growth in plants, and the reprogramming
of RAM activity is crucial for ensuring the correct root system
architecture and survival of plants in a constantly changing
environment. The current report reveals the critical role of
miRNAome plasticity in the soybean RAM in response to salt
stress. We propose that the salt-induced activation of auxin
signaling is an important upstream event that mediates RAM
remodeling through targeting by salt-responsive miRNAs in
soybean.
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